Epithelial Conduction in Hydromedusae by Mackie, G. O. & Passano, L. M.
Epithelial Conduction in Hydromedusae 
G.  O.  MACKIE and  L. M.  PASSANO 
From the Department of Zoology,  University  of Alberta, Edmonton, Alberta, Canada, and 
the Department of Zoology,  University  of Wisconsin, Madison, Wisconsin 53706 
ABSTRACT  Sarsia, Euphysa, and other hydromedusae have  been  studied  by 
electrophysiological techniques and are found to have nonnervous conducting 
epithelia  resembling  those  described  earlier for siphonophores.  Simple,  non- 
muscular epithelia fire  singly or repetitively following brief electrical  stimuli. 
The pulses recorded with suction electrodes are biphasic,  initially positive, and 
show amplitudes of 0.75-2.0 my, durations of 5-15 msec, and velocities of 15- 
35  cm/sec with short refractory periods.  In  the swimming muscle  (myoepi- 
thelium) 2.0-4.0 my composite  events lasting 150-300 msec are associated with 
contraction waves. Propagation in nonnervous epithelia is typically all-or-none, 
nondecremental, and unpolarized. The subumbrellar endoderm lamella con- 
ducts independently of the adjacent ectoderm. The lower regions of the tenta- 
cles do not show propagated epithelial events. The spread of excitation in con- 
ducting epithelia and associated  effector responses are described.  Examples are 
given of interaction between events seemingly conducted in the nervous system 
and those in nonnervous epithelia. Either system may excite  the other.  Spon- 
taneous activity, however, appears to originate in the nervous system. Conduc- 
tion in nonnervous tissues is unaffected by excess Mg  ++ in concentrations sup- 
pressing presumed nervous activity, although this may not be a wholly adequate 
criterion for distinguishing components of the two systems. Evidence from old 
work by Romanes is considered  in the light of these findings  and the general 
significance  of epithelial conduction is discussed. 
INTRODUCTION 
In coelenterates, the cells forming the outer and inner body layers (the ecto- 
derm or epidermis and the endoderm or gastrodermis respectively) often have 
basal processes containing contractile fibrils and such cells are called "rnyo- 
epithelial" or "epitheliomuscular" ceils. The presence of a  muscle process in 
such  a  cell  does  not  prevent  the  cell  body  from becoming specialized  for 
various other purposes--secretion, intracellular digestion, etc. and the charac- 
ter of the superficial (nonmuscular) part of the tissue sheet may vary greatly 
in different areas,  while the  underlying muscle stratum remains fairly uni- 
form. In some regions, no muscle processes are developed and the cells form a 
simple epithelium (as opposed to a myoepithelium). 
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Where neurons  are present they lie singly or in bundles in  the spaces be- 
tween  the  epithelial  ceils  (Fig.  1).  However,  they  are  often  absent  and 
examples both of simple epithelia and myoepithelia consisting of only one cell 
type  are  not  hard  to  find.  The  discovery in  some  simple,  nonnervous  epi- 
thelia of self-propagating events resembling nerve action potentials which are 
conducted  to  remote  parts  where  effector  action  occurs  (10),  has  raised  a 
number  of questions which we are trying  to answer:  do all  simple  epithelia 
conduct? Do myoepithelia as well as simple  epithelia  conduct?  If so,  is con- 
traction  a  necessary correlate of conduction? What are the biophysical prop- 
erties of the conducting tissues? Above all, how are epithelial conducting path- 
ways and response systems integrated  with nervously conducted components 




Idealized portrayal of myoepithelial tissue  with associated nerve elements. 
We are currently studying various medusae of the class Hydrozoa ("hydro- 
medusae")  with  the  object of providing  an  analysis  of behavior  both in its 
nervous and nonnervous aspects. The present contribution gives our findings 
on nonnervous phenomena.  A  preliminary  note  (Mackie et al.,  14) gives the 
picture as it appeared at the end of 1966. 
METHODS 
Specimens of the  hydromedusae  used  in  this  study were collected from  the  water 
around the dock at the Friday Harbor Laboratories of the University of Washington 
and were transferred  to a  holding  tank in a  darkened room in the laboratory. The 
water  in  the  tank  was  continuously  replenished  with fresh,  filtered  seawater.  The 
species used were Sarsia tubulosa (M.  Sars),  Euphysa flammea  (Linko)  Phialidium gre- 
garium (L. Agassiz),  and Nanomia cara (A. Agassiz).  The first two belong in the order 
Anthomedusae,  Phialidium  in  the  order  Leptomedusae  and  Nanomia  in  the  order 
Siphonophora.  The latter are floating hydrozoan colonies whose medusoid, locomo- 
tory members, the nectophores, have much in common with the free hydromedusae 
and can be treated as hydromedusae for purposes of the present aceount. 
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recording dish using Opuntia spines.  A cooling coil was placed in the bottom of the 
dish and heat-absorbing filters were put in front of the lamps used  to illuminate the 
preparation. 
The method for making recording electrodes  is as follows: one end of a  piece  of 
0.047  inch I.D. polyethylene tubing about 5.0-6.0 cm long is drawn out into a  fine 
flexible ending, 25-75 # I.D., by gentle heating. The shaft of an 18 gauge hypodermic 
needle is inserted into the electrode forming an intermediate piece  between it and a 
length of tubing connected at the other end by a  three-way stopcock  to a  syringe 
through which suction can be applied. 
The amplifier input lead is connected through a hole in the intermediate piece to 
32 gauge platinum wire which extends about 4 cm down into the electrode.  By the 
application of suction, seawater is drawn up until contact is made with the platinum 
wire and the electrode can then be gently "sucked on" to the tissue. Plastic, suction 
electrodes  have found applications in several  fields of electrophysiology,  permitting 
recordings from actively moving objects.  Our version  described above differs  in a 
number of respects from the type described by Josephson (5) who first used suction 
electrodes  on coelenterates. 
In the experiments to be described,  electrical stimuli were delivered through plati- 
num electrodes insulated to near the tip.  Square pulses of 1 or 2 msee duration were 
employed. Input from the recording electrodes  was fed single-ended into a  battery- 
operated  preamplifier,  an  electrometer  tube  (CK  5886)  input  circuit of conven- 
tional design,  with an amplification factor of 0.9.  A platinum plate electrode in one 
corner of the dish was led to ground through a  calibrator. The recording area was 
shielded.  Final display was on a cathode ray oscilloscope and on a moving-coil  pen 
recorder with low-level  AC  preamplifiers. 
MORPHOLOGICAL  RELATIONSHIPS  AND  THE  NATURE 
OF  THE  HISTOLOGICAL  EVIDENCE 
The  following  morphological  description  applies  to  Sarsia  and  Euphysa, 
typifying the Anthomedusae.  Components indicated by italicized abbrevia- 
tions can  be  located  in  the drawings  (Fig.  2). 
The outer, "exumbrellar"  surface of the medusa is covered by a single layer 
of ectoderm cells,  the exumbrellar epithelium  (ex ect).  This is  a  simple epi- 
thelium except at the margin where smooth muscle fibrils are present in the 
basal processes of the cells, the mass of processes forming a marginal sphincter 
muscle (sph). 
The subumbrellar ectoderm (sub ect) is a single layer of cells having striated 
fibers running circularly,  the swimming muscle  (circ m),  except at  the four 
radii where it is a  double layer, the striated fibers running beneath a  strand 
of radially  elongated  ectoderm  ceils  having  smooth  muscle  processes,  the 
radial retractor muscles  (rad m). 
The tentacles (ten) hang from the margin at the four radii. Their ectodermal 
ceils have smooth muscle processes oriented longitudinally. 
The velum (vel) is an annular flap of tissue projecting centripetally from the G.  O.  MACKIE AND  L.  M.  PASSANO  Epithelial Conduction in Hydromedusae  603 
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FmtrRE 2.  A jellyfish such as Sarsla sliced open and partially dissected to show the main 
epithelial layers and concentrations of nervous tissue. Drawings A  and B  in the lower 
part of the figure are sections in the planes and at the points so labeled in the upper 
drawing. The shapes of the cells have been simplified and their proportions altered for 
clarity. For an explanation of the labeled structures, see the text.  A  large Sarsia has  a 
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margin. On its subumbrellar side the cells show circularly oriented, striated 
fibers like those in the subumbrellar ectoderm. On its  exumbrellar side  the 
cells have radially oriented, rather sparsely developed, smooth muscle proc- 
esses.  (Their role is uncertain and they will not be referred to again in this 
paper.) 
From  the  apex  of the  subumbrellar cavity hangs  the  manubrium  (mb), 
carrying the mouth at its  tip.  The ectodermal, covering cells  have smooth 
muscle oriented longitudinally. The gonads develop here in mature medusae. 
The endoderm forms a  layer of ceils  lining the manubrium. There is an 
endodermal pouch at the apex of the manubrium and from this four radial 
endoderm canals (rad c) extend down to the margin where they join with the 
circular ring canal (ring c), forming a conspicuous dilation from which another 
canal passes down the tentacle. The swollen base of the tentacle is called the 
the tentacle bulb,  and the endodermal dilation within it is the tentacle bulb 
cavity. A  sheet of endoderm cells,  the interradial lamella (i-tad l),  spans the 
four, roughly triangular areas each bounded by part of the ring canal and by 
two radial canals. We give the name subumbrellar endoderm sheet (sub end) 
to this lamella and the four radial canals which traverse it. Muscle processes 
are absent from the subumbrellar endoderm sheet, but there are a  few con- 
tractile processes in the manubrial endoderm, and around the tentacle bulb 
cavity. 
Between the endoderm and the ectoderm, and between the two ectoderm 
layers in the velum, lies a layer of mesogloea (mes) the acellular, collagenous 
material which gives these animals the consistency expressed in their familiar 
name "jeUyfish." The mesogloea varies from a layer several millimeters thick 
under the exumbrellar ectoderm to a layer less than  1 #  thick in the velum. 
The subumbrellar ectoderm is  separated from the radial canals  by a  layer 
about  1 #  thick but on either side of the canals,  the interradial lamella is 
separated from the ectoderm by a much thicker layer. 
Nervous tissue is concentrated at the margin in the form of two nerve rings, 
which lie in the ectoderm at the base of the velum, the outer and inner rings 
(on  and  in),  respectively. There  is  a  nerve plexus  in  the  ectoderm of the 
tentacles  and  probably  also  in  the  manubrium.  Single  nerves  and  small 
bundles (n) form a plexus within the radial retractor muscles, connecting the 
marginal nerves with the presumed manubrial plexus. Details of the nervous 
system have been described elsewhere (3).  Subsequent, unpublished work on 
Sarsia  indicates that the inner nerve ring is connected across the mesogloea 
with the outer nerve ring on either side of the tentacle base, merging with the 
outer ring to form a ganglion in each of the four radii. 
Of the tissues  dealt with in this study, the most important are the exum- 
brellar  epithelium,  the  subumbrellar  interradial  lamella,  and  the  subum- 
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except for a few processes running out laterally from the nerve plexuses of the 
radial retractor muscles, it is absent from the striated muscle sheet. 
The information given above is based upon extensive histological study of 
both species, using methylene blue vital staining to reveal nerves in the living 
animals  along with  conventional optical histological methods and  electron 
microscopy. It is necessary to be exactly informed of the location of nerves, 
both in order to be sure that conduction is nonnervous in certain places and 
in order to postulate the intervention of nerves in other places. The histologi- 
cal evidence for the absence of nerves is of special concern to us, and in a pre- 
vious account one of us has dealt with this evidence at length (10) in relation 
to the exumbrellar and subumbrellar epithelia of siphonophores. The same 
approaches described in that paper were applied here; the evidence obtained 
was similar in nature and need not be detailed again. A  new account of the 
distribution and ultrastructure of nervous  tissue in hydromedusae has been 
given elsewhere (3).  It is now possible to speak with full confidence of nerve- 
free tissues in these animals as well as of tissues in which nerves are present. 
RESULTS 
Conduction in the Exumbrella 
It was previously found that single shocks to the exumbrellar epithelium in 
several  siphonophores  evoked  propagated  potential  changes  in  the  tissue 
which could be recorded directly by glass microelectrodes. The  propagated 
events were found to travel in all directions from the point of stimulation at 
high velocities and with short refractory periods.  Table  I  includes essential 
data from this study together with the new results. 
A  piece from the body wall of a jellyfish with the margin cut off, pinned 
down with  the  exumbrella upward  is  a  suitable  preparation  for  recording 
exumbreUar potentials. If the margin is not removed, propagated events may 
pass around into the subumbrella and be picked up again through the meso- 
gloea, complicating the recording.  Impulses can be evoked on both sides of 
a  piece if stimulus strength is too high, and this also is better avoided.  Im- 
pulses cannot jump the mesogloea, so with stimulus strength set just above 
threshold value, the only events normally picked up in a demarginate prepara- 
tion are those in the  layer  which is  being  stimulated,  in this  case  the  ex- 
umbrella. 
Recordings from the exumbrella of hydromedusae have now been carried 
out using both glass microelectrodes and plastic, suction electrodes. The latter 
prove generally superior both in their ability to "ride" the moving tissue and 
in the amplitude of the signals they record. The rather low amplitudes of the 
signals recorded in the earlier study probably reflect the use of glass electrodes 
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TABLE  I 
DATA FOR NONNEKVOUS CONDUCTING TISSUES 
•  1968 
Reo 
Pulse  fractory  Conduction  Temp- 
Tissue  Pulse form  duration  period  vdocity  erature  Effector response 
msec  mse6  cm/se6  °C 
Exumbrellar ectoderm 
Sarsia  I mv biphasic  10  --  15 
Euphysa  I-2 my biphasic  10  --  20 
Phlalidium  1 mv biphasie  15  --  19 
Nanoraia bract  750 #v biphasic  5  --  32-35 
Hippopodius (10)  < 100/~v biphasic  25  --  35--40 
Abylopsis (10)  --  --  --  24 
Chelophyes (10)  30-50 #v biphasic  5  2-3  35--50 
Subumbrellar  endoderm 
lamella 
Sarsia  1 mv biphasic  10-15  12  20-25 






Stolon (? ectoderm, 
endoderm, or both) 
Cordflophora (4) 
2-4 my positive  150-300  --  5.0-6.0 
or composite  radially 
7.5-8.5 
circularly 
2-4 mv positive  150-300  --  -- 
or composite 
18  Crumpling components 
20  Crumpling components 
20  Crumpling components 
20  Muscle  absent  locally. 
Colony responds by syn- 
chronous forward swim- 
ming (9) 
21  Smooth  muscle  contracts 
throughout  colony• 
Blanching and lumines- 
cence (13) 
21  Smooth  muscle  contracts 
throughout colony 
21  Smooth  muscle  contracts 
throughout colony 
18  Crumpling components 
20  Crumpling components 
18  A  single  swimming  con- 
traction 
20  A  single  swimming  con- 
traction 
0.5-15 my  20-120  0.2 or  2.1-3.3  22  Symmetrical  contraction 
negative  less  of polyps 
medusae.  A  new recording from the  bract of the siphonophore Nanomia  (in- 
eluded  in Table  I)  using suction electrodes  gives  an  amplitude  value much 
more in keeping with the values obtained from the medusae. However, there 
are  interspecific differences in signal amplitudes. For  instance, Eubhysa  con- 
sistently gives larger signals than Sarsia and they are easier to evoke. 
Conduction  velocities in the range of 15  to  35  era/see  are  typical in these 
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(Histologically,  the ceils have a  regular,  polygonal form.) The pulses are in- 
variably through-conducted over the exumbrella.  Pulse form and velocity are 
not  affected by varying  the strength  of a  single  stimulus.  A  typical  pulse  is 
shown in Fig. 3. The second or subsequent pulses in a  series evoked by repeti- 
tive stimulation  may appear  less sharp  and  of longer  duration  than  the first 
(Fig. 4 A). Repetitive firing to a single shock is often observed in fresh prepara- 
tions  (Fig.  4  B)  and here too the form of successive pulses changes.  We have 
not been able to relate the number of pulses evoked to the strength of stimula- 
t 
A 
FIGURE 3.  Pulse recorded from the exumbrellar epithelium of Euphysa  following a brief 
electrical stimulus (arrowhead). A calibration pulse of 1 mv positive, 50 msec duration 
precedes the shock. 
A  B 
l  l  A 
Fmul~ 4.  Variations in the forms of successive  pulses in the exumbrellar epithelium o 
Euphysa. In A, two pulses were evoked by successive stimuli 125 re_see apart. In B a series 
of 11 pulses was evoked by a single stimulus. Horizontal line represents 100 msec in both. 
Polarity is reversed in B, positive being up. 
tion  in  the  way that  has  proved  possible in  the  stolon  of a  sessile,  colonial 
hydroid,  Cordylophora (4).  The  stolon of Cordylophora should  probably be re- 
garded  as a  nonnervous  preparation  (3)  and  we have  accordingly  included 
Josephson's data in Table I.  It will be noted that conduction velocity here is 
much lower than in the medusae. Josephson  (6) suggests that the contraction 
pulse system in Hydra and the slow system in the stalk of Tubularia  may belong 
in the same category as the Cordylophora stolon system but it is harder  to ex- 
clude  the  possibility  of participation  by nerves  in  these  two  cases  and  the 
argument for nonnervous conduction here is necessarily tentative. 
Conduction in  the Subumbrellar Layers 
A  suitable  preparation  for  studying  conduction  in  the  subumbrella  consists 
of a  jellyfish with  both  the  apex  and  the  margin  cut off,  leaving  a  tubular 
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as a flat sheet with the subumbrella up. Such a  preparation  in Sarsia shows no 
spontaneous activity, but will respond to stimuli for many hours. 
A  single shock to the subumbrellar  surface in an interradial  region evokes 
either  a  slowly conducted composite pulse,  a  rapidly conducted,  quick pulse 
or both, one after the other  (Fig. 5 A, B, and C, respectively). The slow pulse 
is  associated  with  a  swimming  contraction  in  the  striated  muscle  sheet,  the 
quick  one  with  a  contraction  in  the  radial  retractor  muscles,  although  the 
contraction is inconspicuous except in more responsive specimens. Since both 
of the responding muscle systems are ectodermal it was at first assumed that 
both types of pulses were being conducted in the ectoderm.  That  this is not 
Fmtn~ 5.  Events recorded from the subumbrdla of Sarsia following single dectrical 
stimuli. A shows  quick, rapidly conducted pulse attributed to the endodermal interradial 
lamella. B shows the electrical concomitant of contraction  in the ectodermal, circular 
muscle layer. C shows both pulses evoked by the same stimulus. Horizontal  bar,  50 
msec; vertical bar,  1 Inv. 
the case is shown by the following experiment which has been carried out on 
both  Sarsia and  Euphysa. 
A  subumbrellar preparation  including parts of two radii is incised through 
the  radii  as  shown  (Fig.  6)  to  eliminate  possible conduction  via the  radial 
muscle  or  associated  nerve  plexus.  Following  a  stimulus  (S)  both  types  of 
pulses are recorded at RI and then at R2, and a  swimming wave is observed 
to pass across the whole sheet.  The ectoderm is then removed along the line 
a-b  by abrasion  with  a  scalpel  point.  Stimulation  at  S  is  now  followed as 
before by the two pulses and swimming contraction  at R1, but the swimming 
potential  and  contraction  wave fail to reach R2.  The quick pulse,  however, 
continues to pass through and is recorded at R2, indicating that it is not being 
conducted in the ectoderm.  It is concluded that quick pulses are conducted in G.  O.  MAcKm  .,,._~D L.  M.  P~ss.~o~o  Epithelial Conduction in Hydromedusae  6o  9 
the endodermal interradial lamella, being recorded through the intervening 
tissues, and, on reaching the radii, they cross the mesogloea to the ectoderm 
(see p. 614).  Care must be exercised in experiments of this type not to confuse 
quick pulses in the endoderm lamella with similar events which are sometimes 
evoked simultaneously in  the exumbreUar ectoderm and can be picked up 
through the whole thickness of the body wall. 
........................  .....................  ......... i 
F1orems 6.  Layout for an experiment to demonstrate the existence of two separate con- 
ducting epithelia in the subumbrella. The explanation is given in the text. can, endodermal 
radial canal; ect, ectoderm; end, endoderm; R1 and R2, recording electrodes; S, stimu- 
lating electrode pair.  The dotted line a .... b  marks an incision through the ectoderm 
only. 
U--C;  .V---~ .  ¢  ¢  ¢  ¢ 
U 
Fmoms 7.  Recording  from the subumbrellar  surface of Sarsia. A  single shock on the 
subumbreliar surface adjacent  to the marginal nerve ring evokes a series of eight pulses 
in the endoderm lameUa and excites the marginal pacemakers responsible for the swim- 
ming pulses  which are propagated in the ectoderm.  The coupled arrows show single 
swimming events. A calibration signal at the start represents 500 t~v positive, 50 tmec. 
(A)  CONDUCTION  IN  THE  ENDODERM  LAMELLA  Conduction  here,  as  in 
the exumbreUa, is all-or-none and unpolarized within the areas in which it 
spreads.  Velocities are higher than in the exumbreUa  (Table  I).  Repetitive 
firing to single shocks is again observed (Fig.  7).  In Sarsia conduction in the 
lamella has been found, with a  few unexplained exceptions, to be restricted 
laterally by the radial canals, but in Euphysa an impulse can spread across the 
radial canal into an adjacent quadrant without any evidence of blockage. 6IO  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  52  •  I968 
(B) CONDUCTION IN  THE  STRIATED MUSCLE SHEET  The  swimming con- 
tractions  evoked  by  electrical  stimulation  pass  in  all  directions  across  the 
sheet. In the intact Sarsia, as in most hydromedusae investigated, swimming is 
initiated  by  pacemakers  located  in  the  margin  (Fig.  7).  In  Euphysa  there 
appear to be additional pacemaker sites in the subumbrella, for spontaneous 
swimming continues in demarginate preparations.  Romanes  (18)  notes that 
Staurophora laciniata  (L.  Agassiz) I  is  also  unusual  in this respect. The endog- 
enous  pacemaker  impulses  coordinating  swimming have not been recorded 
as  such,  but  from measurements on  strip  preparations  it  is  clear  that  they 
spread  circularly at  a  velocity of about  50  cm/sec,  and  it  is  presumed that 
they are nerve impulses in the marginal nerves. When the margin is removed, 
and with it the nerve rings, conduction in the muscle sheet is reduced to 7.5- 
8.5  cm/sec in the circular direction.  Conduction is even slower in the radial 
direction; i.e., across the "grain" of the tissue recalling unpublished observa- 
tions by M.  E.  Kriebel on the tunicate heart.  The figures given in Table  I 
thus represent velocity values for nerve-free myoepithelial preparations.  It is 
interesting that Romanes also concluded from sectioning experiments (19) on 
Sarsia that conduction of the impulses coordinating swimming was more rapid 
at  the margin than in  the subumbrellar sheet itself.  In  Geryonia by contrast 
the conduction velocity in the circular direction is not significantly altered by 
removing the margin, but continues to be rapid,  at about 50 cm/sec  (1).  It 
would appear that the explanation for this difference lies in  the fact that in 
Geryonia  a  nerve  plexus  spreads  up  from the  marginal  nerve ring  covering 
much of the swimming muscle layer, so that removal of the margin does not 
remove all the coordinating nerve pathways. 
The  electrical  concomitant  of the  contraction  wave  is  a  composite  one 
(Figs. 5 B, C  and 7), typically consisting of a  pair of positive deflections, each 
over  1 my, about  100  msec apart,  sometimes with negative prepotentials or 
overshoots of varying sizes and durations.  The second major deflection may 
be  entirely negative.  A  recording  electrode placed  on  the  velum  picks  up 
large,  propagated  swimming potentials  similar to  those found in  the rest of 
the striated muscle sheet but,  in  addition,  it sometimes shows smaller,  local 
events which accompany slight  twitches in parts of the velar circular muscle 
(Fig.  8). These events usually occur at the same frequency as swimming and 
we tentatively regard them as locally propagated potentials generated by the 
swimming  pacemakers.  Localized  or  decrementally conducted  velar  con- 
tractions  have been described in  Geryonia (1). 
Some of Romanes'  work  (18,  90)  suggests a  capacity for myogenic rhyth- 
micity in the striated muscle sheet of Sarsia.  He refers to "a highly peculiar 
motion of a flurried, shivering character" which can be evoked in demarginate 
preparations  by electrical  and  chemical stimulation.  He  makes a  clear  dis- 
x  A synonym  for S. mertensi  (Brandt),  the designation  nowadays  given  priority. G.  O.  MACKm  AND  L.  M.  PASSANO  Epithelial Conduction in Hydromedusae  6I I 
tinction  between these "shivering"  spasms and  the "tonic"  spasms which we 
now know to be associated with contraction  of the radial  muscles and  which 
we describe below.  "Shivering"  deserves further  study. 
Spread of Epithelial Pulses 
A  single epithelial pulse evoked on the exumbrella of Sarsia or Euphysa spreads 
all  over the exumbrella.  Similarly  a  pulse evoked in the subumbrellar  endo- 
derm  lamella,  either  by stimulating  the  manubrium  or  by stimulating  the 
subumbrellar  wall  directly,  passes  over  the  whole  subumbrella  and  the 
fff 
FXOURE 8.  Spontaneously  initiated  events  recorded  in  the  velum of Sarsia. The  six 
large potentials represent propagated swimming contractions. The smaller events before 
and after represent local (nonpropagated) twitches seen in the velum muscle. Horizontal 
bar,  1 sec. 
manubrium.  Sometimes  subumbrellar  events  propagate  to  the  exumbrella 
on a  one-to-one basis and vice versa,  and when this occurs the time relation- 
ships are such that the conduction pathway can be inferred to be in the mar- 
ginal  region.  However, passage  of such  epithelial  events  around  the margin 
is complicated by the fact that a  totally distinct system, that of the "marginal 
pulses" or "MP's"  (15,  16), may become involved. 
Evidence  that  the  MP  system involves nerves  will  be presented  in  detail 
elsewhere,  but the essential facts are relevant  here.  The  pulses are recorded 
at  all  levels of the  tentacles  and  pass between the  tentacles  via the  margin. 
The precise region of the margin in which they are conducted is probably the 
marginal  nerve rings,  for incision of the margin  in the immediate vicinity of 
the  rings  prevents  passage  of the  pulses.  The  high  conduction  velocity  of 
MP's  (50 cm/sec)  also suggests nervous conduction  throughout  the  areas  in 
which  the pulses spread.  The nerves in  the tentacles cannot  be cut with the 612  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  -  VOLUME  5 2  •  i968 
same degree of selectivity as can those of the marginal nerve rings, because the 
neurons are spread through the ectoderm in the form of a  diffuse net.  A  cir- 
cular  incision  through  the  ectoderm  at  the  tentacle  base  does  however, 
prevent the passage of MP's.  All trace of MP's disappears rapidly when the 
preparation  is treated with excess Mg  ++  (a 2:3  or 3:3  mixture of 67 g/liter 
Mg. CI~. 6 H~O with seawater) which again suggests a  nervous origin for the 
events,  for we find that  purely epithelial  systems are not blocked by excess 
Mg  ++ or are affected only after a long period (p. 617). 
On these grounds we assume MP's to be nervously conducted. Whether the 
marginal pulse itself, as recorded in the tentacles, represented a purely nervous 
signal, or whether it includes an epithelial depolarization evoked by passage 
of the underlying nervous event,  is  a  question which need not be discussed 
here.  There  is  still  no  satisfactory way of distinguishing  nervous from non- 
nervous events in these animals on the basis of conduction velocity or signal 
parameters  alone,  although  evidence from these  sources must  obviously be 
taken into account. Even when it is known that a recorded signal represents an 
epithelial  depolarization,  as  in  the  case  of the  contraction  pulses  in  Hydra 
(17,  8),  it  is  still  impossible  to  say whether  the  primary  excitation  is  con- 
ducted by epithelial or by nervous cells. 
When we revert to the evocation of MP's by induced epithelial events, we 
see this as a  unique example of the activation of a  nervous system by a  non- 
nervous one. The converse process can also occur. Examples of both are illus- 
trated  in  Fig.  9,  while  Fig.  10  shows  the  triggering  effect of spontaneous 
MP's  on  the  epithelial  system.  These neuroepithelial  interactions  probably 
take  place  in  the  vicinity of the  marginal  nerve  rings  or  in  the  proximal 
region of the tentacles. The lower region of the tentacles is one of the few zones 
to which propagated epithelial pulses do not appear to spread (Fig.  11 ). 
The question arises,  can epithelial pulses be  transmitted from ex- to sub- 
umbrella without  the involvement of marginal nerves? The use of excess Mg  ++, 
which suppresses all activity in the MP system, does not prevent the passage 
of epithelial  pulses  around  the margin in  the  normal way,  so  there  is  pre- 
sumably a  purely epithelial conduction route in this region. It can be shown 
that  the route is not in the ectoderm around the edge of the velum  (or not 
exclusively here) for if the velum is removed the pulses are still transmitted. 
Electron microscopy  (10)  shows  endodermal processes connecting the ecto- 
derm of the exumbrella with the endodermal ring canal  (Fig.  2  B,  bridging 
process, br) and these may be the epithelial conduction routes. 
Although single pulses can be transmitted around the margin without the 
apparent involvement of the nerve centers, there is little doubt that nervous 
activity normally follows epithelial  excitation  and  that  it  has  an  important 
effect in  determining  the  response  patterns  of the  subumbrellar  effectors, 
either  by  engendering new pulses  in  the  epithelial  transmitting  systems  (a G. O. MACKIE AND L. M. PASSANO 
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Fmum~ 9.  Euphysa. Three-channel  recording  from  the  exumbrellar  epithelium  (I), 
tentacle base (2),  and subumbrellar surface (3).  The first shock  (arrowhead)  was given 
low down on the tentacle and  evoked a flurry of marginal pulses recorded on channel 2, 
following which  a  single  epithelial pulse was generated,  being recorded on channels  1 
and :3. A  second shock, delivered on the exumbrellar surface, evoked a  single epithelial 
pulse in the exumbrella (1) which was immediately propagated to the subumbrella (3). 
Marginal pulses were generated, appearing on 2. A  calibration signal at the start shows I 
my positive, 50 msec. 
A  B  C 
FIouR~  10.  Euphysa.  Two-channel recording from a tentacle near the base (1) and from 
the subumbreUar surface (2). In A  a spontaneous marginal pulse is recorded on channel 1 
without consequent generation of epithelial pulses. In B a marginal pulse is followed by a 
single epithelial pulse recorded on 2, and causing a  low-amplitude deflection on  I. In C 
a marginal pulse is followed by a burst of epithelial pulses. Horizontal bar,  1 sec. 614  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 2  •  ~968 
"pulse-multiplier"  role)  or by directly activating  the same effectors through 
nervous pathways,  or by both these mechanisms.  We plan  to deal with these 
aspects of neuroepithelial  interaction  in greater detail elsewhere. 
If it  is  now  clear  that  epithelial  pulses  can  cross  from  the  exumbrellar 
ectoderm  to  the  subumbrellar  endoderm  at  the  margin,  it  is  equally  clear 
2 
i  I  I 
Fmoe,  J~. 11.  Euphysa. Recording from  three  points on  a  tentacle.  Channel  1 is on  the 
tentacle bulb, 3  is on the tip, and 2  is on an intermediate point.  Electrical stimuli were 
applied on the exumbrella (arrowheads).  In order to record from the tentacle tip without 
damaging it,  a  fine bore,  high-resistance electrode had to be used,  necessitating higher 
gain on channel 3 than on the other channels and causing a correspondingly large shock 
artefact to appear  on that channel.  Epithelial pulses evoked  by the shocks are well re- 
corded on I, appear as small deflections on 2, and do not appear at all on 3. The failure 
to obtain epithelial pulses in the lower parts of the tentacle is not due to recording diffi- 
culties as will be seen from the fact that  marginal  pulses  (asterisks)  are successfully re- 
corded on all three channels. 
that  they must  pass back into  the ectoderm again  if they are to  cause a  re- 
sponse in the effector muscles which are all located in this layer.  While ultra- 
structural  details  are still  incomplete,  there is evidence of occasional cellular 
processes  (illustrated  in Fig.  2 A)  crossing the mesogloea from the endoderm 
to the ectoderm in the region of the radial  retractor  muscles" and  we regard 
these as the probable transmission  route. Transmission  from the endoderm to 
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the ectodermal muscle of the manubrium may also involve such transmeso- 
gloeal pathways, but this region has not been examined. 
Effector Responses 
The characteristic response evoked by stimulating the exumbrella of Antho- 
medusae and Leptomedusae was described by Romanes (18-20) as a "spasm" 
or  "tonic  spasm."  In relation  to  Staurophora  he writes  that  these spasmodic 
movements "consist of a  sudden and most violent contraction of the entire 
muscle sheet,  the effect of which is  to draw together the gelatinous walls of 
the nectocalyx [the bell-shaped  body wall]  in  a  far more powerful manner 
than occurs during ordinary swimming"  (19).  He further notes that the con- 
traction  besides  being  strong  is  also  of considerable duration  "lasting  6-10 
seconds or more" and that swimming contractions may begin again while the 
animal  is  still  in  this  partial  state  of spasm.  Romanes  was  not  aware  that 
spasms  and  swimming were brought  about  by the  activity of two  separate 
muscle systems  (the radial,  smooth retractors  and  circular,  striated  muscle 
respectively)  and  believed  erroneously that  both  types of contraction were 
"present in the same tissue at the same time." Hyman (2) describes the spasms 
under  the  term  "crumpling  response,"  a  term we  adopt  here.  As  seen  in 
Sarsia  and Euphysa,  the manubrium and tentacles shorten,  the radial  retrac- 
tors  contract,  pulling  the  margin  inward  and  upward,  and  the  marginal 
sphincter contracts, all but closing the opening into the subumbrellar cavity. 
The effect is a  partial or complete withdrawal of the tentacles (including the 
basal region bearing the ocelli in the case of Sarsia),  of the manubrium (bear- 
ing the reproductive tissue), of the marginal area (including the major pace- 
maker centers and delicate motor apparatus  of the velum) into the interior. 
In  nature,  any  damaging  or  abrupt  stimulus  would  cause  this  "introversion 
brutale"  (14)  of all  the most vulnerable parts  and would doubtless serve for 
protection in case of attack. 
We  cannot record from an  intact jellyfish under fully natural  conditions 
for  attachment  of the  recording  electrodes is  an  unnatural  event  and  one 
which itself tends to evoke crumpling. We have so far limited our investiga- 
tion of crumpling to experimenting with pieces of the animal pinned down in 
the recording dish.  Such preparations are somewhat less responsive than in- 
tact animals,  but components of the crumpling response can to some extent 
be isolated and identified. 
In a sensitive preparation a single epithelial pulse evoked in or propagated 
to  the  subumbrella  may cause  a  manubrial  contraction  along  with  a  per- 
ceptible tightening of the radial retractors. Full crumpling is accompanied by 
a  fusilade of epithelial potentials and sometimes by local pacemaker activity 
in the effector sites. As noted in the previous section, there is reason to believe 616  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  52  .  1968 
that nerve centers are contributing  to the response and we are deferring  full 
consideration of this topic. It is of interest in the present context, however, that 
both the radial retractor muscles and the manubrial longitudinal  muscles can 
be seen at times to evince local activity without any concurrent  excitation in 
the epithelial conducting systems; either the effectors are composite structures 
containing  some fibers coupled to neurons and some to conducting epithelial 
cells or the same fibers can be excited in more than one way. 
The  marginal  sphincter  has  a  high  threshold  of response  and  normally 
only shows a  contraction  during  full crumpling  behavior.  There is no reason 
to suspect that this muscle is involved in any other type of response than  the 
protective  closure  of crumpling,  and  although  by  analogy  with  the  radial 
retractor  muscles  it  might  be capable of alternate  excitation  by local  nerve 
pacemakers,  there is as yet no evidence for the existence of such units  either 
from histology or from physiology. Indeed,  nervous tissue seems to be absent 
in  the  sphincter. 
The Nature of the Epithelial  Pulses 
A  resting potential of 65 my was obtained in a  preparation  of Sarsia striated 
myoepithelium set up on our behalf by Dr. M. E. Kriebel, and some tentative 
values of about 40 mv were obtained for exumbreUar  epithelial  ceils. These 
values,  showing  the outside of the cell as positive with respect to the inside, 
do no more than  suggest that  the conducting  epithelial  cells have a  conven- 
tional  transmembrane  potential;  the events propagated  in them are presum- 
ably depolarizations  even though  extracellular  recordings  with  suction elec- 
trodes  show  an  initial  positive  component.  The  problems  of  interpreting 
potentials recorded with suction electrodes have been discussed by Josephson 
and Mackie  (7).  It is not known whether both inner and outer membranes of 
the  cells  conduct.  The  presence  of mesogloea  against  one  side  need  not  in 
theory  interfere  with  transmission  since  the  mesogloeal  fluid  has  an  ionic 
composition  close  to  that  of seawater.  The  endodermal  interradial  lamella 
conducts,  although  bounded on both sides by mesogloea. 
In  Phialidium,  the  crumpling  response  has  been  obtained  by exumbrellar 
stimulation  after periods greater than  30 rain in Ca++-deficient artificial sea- 
water and  K+-deficient  artificial  seawater.  The  deficient  ions were replaced 
by Na  + in both cases. After  10-15  min in Na+-deficient  water  (the deficient 
ion  being  replaced  by  sucrose  or  choline)  specimens  lost  their  ability  to 
crumple,  regaining  it within  1 min  of return  to natural  seawater.  Electrical 
recordings  were not made  concurrently,  so it  is  not possible to  say whether 
the loss of crumpling  ability reflects blockage at the effector site or blockage 
of conduction in the epithelial transmission  pathways leading to the effectors. 
While  these experiments  taken by themselves might  support a  tentative con- 
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an experiment with tetrodotoxin suggests that they are not. This drug, which 
selectively  blocks  the  inward  excitable  channel  for  Na  +  in  certain  nerve 
preparations, was found to have no effect at  10  -5 g/m_l on Sarsia and Euphysa 
either with regard to  overt behavior or to recorded electrical activity. The 
hydroid Cordylophora  also appears immune to tetrodotoxin (11 ). 
Excess Mg  ++,  which rapidly blocks MP's and spontaneous swimming and 
leads  to  relaxation  of all  muscle systems in  the  majority of hydromedusae, 
does not prevent propagation in the conducting epithelia within a  compar- 
able time span,  if at all. The loss of the pacemaker-controlled activities may 
perhaps  be  an  indication  that  nerves or  their junctions  are being  affected, 
since the pacemakers are probably located in the nervous system. However, 
spontaneous  swimming is  suppressed  much more rapidly  in  some medusae 
than in others (12) and in the absence of collateral evidence of a  more direct 
nature it would be  a  mistake to accept relative susceptibilities to excess mag- 
nesium ion as a sufficient criterion for distinguishing nervous from nonnervous 
components of behavior. 
Romanes experimented on medusae with chloroform and other anesthetics. 
He states in summary (19): "Anaesthetics block spasmodic waves but not till 
they have suspended spontaneity and even destroyed muscular irritibility as 
regards  direct  stimulation."  In  an  experiment reported  earlier  (18)  he  di- 
vided  a  Staurophora into  two  halves  connected by  an  intact marginal  strip, 
placing one half in seawater and the other half in water containing curare. 
Spontaneous  swimming soon  ceased in  the  curarized half and  it no  longer 
contracted  in  response  to  direct  stimulation.  However,  stimulation  of the 
curarized  half  evoked  crumpling  (but  not  swimming)  in  the  other  half. 
Interpreted at  face value,  this  experiment indicates that  the system (which 
we now call epithelial) transmitting the excitation for crumpling can remain 
active  even  when  crumpling  itself  (the  effector response)  is  suppressed  in 
the areas through which excitation must pass, and that the system in question 
is  independent  of  the  (nervous)  system  which  transmits  impulses  for  the 
swimming response,  being less susceptible to curare than the latter  is.  This 
interpretation is fully compatible with our present findings. It must be stated, 
however, that modern workers who have used curare on coelenterates have 
not  obtained  meaningful  results  in  terms  of the  drug's  known  effects  on 
vertebrate cholinergic junctions;  Romanes'  experiment,  described  in  1876, 
needs to be repeated before it can be accepted. 
DISCUSSION 
From the point of view of behavioral physiology, the chief insights we have 
gained through this study are of the widespread potentialities for conduction 618  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  5  2  •  1968 
in epithelia. Both ectodermal and endodermal layers may conduct, whether 
the cells contain myofibrils or not and whether neurons are present locally or 
not; they may conduct independently when separated by only a  thin insulat- 
ing layer of mesogloea. We have suggested elsewhere (14)  that,  as a  starting 
hypothesis when dealing with hydrozoans,  one should  assume that  all  epi- 
thelia have the potentiality to conduct in independence of one another and 
of the nervous system, where the latter is present. It might later transpire that 
the  excitable  properties  of epithelia  are  restricted  here  and  there  to  local 
events evoked by associated neurons  (as we suggest may be  the case in  the 
ectoderm of the tentacles of our jellyfish) or even that epithelia do not conduct 
at  all  in  some parts  (as  in  the  tentacle endoderm over most of its  length). 
Again both ectodermal and endodermal epithelial layers might function to- 
gether as a unit, by virtue of connecting processes across the mesogloea. These 
tend to be matters of conjecture, but they are mentioned in order to indicate 
lines  along which future investigations might develop.  In the myoepithelial 
tissues which we have studied,  contraction appears  to be directly coupled to 
propagation of the electrical impulse, although the strength of the contraction 
may vary with  the  condition  of the  specimen,  becoming  at  times  hard  to 
detect. Dependence on a certain pulse frequency or pattern for triggering the 
onset of contraction remains a theoretical possibility in this material. 
In what ways do conducting epithelia resemble nerves and in what areas 
of behavior are they a  satisfactory substitute for nerves? We  may approach 
this problem by considering four major areas of nervous function. 
(A)  Conduction  Velocity and  Refractory  Period  For  rapid transmission of 
signals,  the epithelia appear little if any less efficient than nerve cells in the 
same  animals.  Epithelial  conduction  velocities  up  to  35  cm/sec  in  hydro- 
medusae and up to 50 cm/sec in siphonophores have been recorded, compared 
with velocities around 50 cm/sec for what is assumed to be conduction in the 
marginal  nerve rings  of medusae.  Refractory periods  of a  few milliseconds 
have  been  established  in  two conducting epithelia,  and repetitive  firing  to 
single stimuli with pulse intervals below 100 msec is frequently observed. 
(B)  Initiation  of Activity  There is as yet no evidence for the spontaneous 
production of  signals by epithelial cells even when it is known that the tissue 
can  respond  to  stimulation  by  multiple  firing.  Where  electrophysiological 
studies give evidence of a pacemaker site, we find nerves histologically; where 
there  are  no  nerve  cells,  there  are  no  pacemakers.  Pacemaker  activity  is 
blocked by excess Mg ++ along with other activity in the systems we regard as 
nervous.  It does not follow that  all nerve cells are pacemakers,  but it seems 
likely from this admittedly circumstantial evidence that all the known pace- 
makers are nerve cells. 
(C)  Selective  Excitation  of Effector  Subunits  Conducting  epithelia  do  not G.  O.  MACKIE AND L.  M.  PASSANO  Epithelial Conduction in Hydromedusae  619 
seem to be used as excitation pathways in the more complex, graded, and often 
local types of responses, such as the regulation of tentacle or manubrial length 
or the capture and manipulation of prey. Here,  where local groups  of fibers 
within a  general muscle field show differential contraction,  nerves are  most 
probabl~r the exciting units and transmission within the nerve net is presumed 
to  involve  facilitation.  Nerves  are  found  to  be  present  in  regions  showing 
these graded, local responses; where nerves are not present, effector responses 
are  of the  simple  through-conducted  variety.  A  possible  exception  to  the 
rule of through-conduction in nonnervous epithelia is the stolon of Cordylophora, 
which seems to belong in the nonnervous category (3)  but shows facilitation 
(4).  In the medusae, as in siphonophores  (13),  barriers certainly exist to the 
free spread of epithelial pulses,  but within the areas of spread the excitation 
is  propagated  on  an  all-or-none  basis.  In  differentiating between  through- 
conducted epithelial responses and local responses involving selective excitation 
by  components  of the  nerve  net  we  do  not  at  all  imply that  nervous  sys- 
tems are incapable of through-conduction. There is good evidence of through- 
conducting pathways in the marginal nerve rings and,  if the transmission of 
MP's in the tentacles is nervous, here too, at any rate over considerable dis- 
tances. Nor should it be supposed that the presence of neurons in an epithelium 
and  an  associated capacity for local,  graded responses,  necessarily preclude 
the epithelium from taking  part  in  an  all-or-none response,  whether under 
excitation  from  nervous  or  from  nonnervous  sources.  The  potentialities  of 
these mixed systems have only begun to be explored. 
(D)  Sensory Capability  The  cells  conventionally  described  as  sensory 
receptors in hydromedusae are histologically a  variety of nerve cell and their 
processes mingle with those of other neurons. Thus, the visual  elements in the 
ocellus of Sarsia  have long basal processes indistinguishable from the neurites 
with which they mingle in the marginal nerve centers (3).  Where  statocysts 
occur, they too are directly "wired" into the nervous system. These morpho- 
logical relationships suggest that the nervous system here plays the same part 
in transmitting and coordinating sensory information as it does in other ani- 
mals.  While  some  conducting epithelia,  for  instance  the  exumbrellar  ecto- 
derm,  are certainly touch  sensitive  and  respond  by propagating  a  wave of 
excitation, there is as yet no solid evidence for any other receptor capability 
in conducting epithelia,  nor for the existence of special,  epithelial,  receptor 
cells  analogous  to  neurosensory cells.  One  of Romanes'  observations  needs 
examination from this point of view. He reports  (19)  that  Tiaropsis polydiade- 
mata 3 crumples  in  response to  exposure to  strong light.  This  species has  no 
ocelli,  and  it would therefore be worth looking into  the possibility  that  the 
light response is due to photosensitivity in nonnervous elements. 
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In  summary  it would  appear  from what  we now  know  that while  the ner- 
vous  system  is concerned  in  initiating behavior,  integrating  sensory  informa- 
tion,  and  providing  excitation  pathways  for  certain  complex  responses,  the 
conducting  epithelia  assume  much  of  the  responsibility  for  transmitting 
simpler responses.  This  arrangement  results  in  considerable  economies  in  the 
use of nerve cells, the greater part of the excitable surface  of the animal  being, 
in  fact,  altogether  uninnervated. 
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